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The patient dose incurred from diagnostic procedures during advanced radiotherapy has
become an important issue. Many researchers in medical physics are using computational
simulations to calculate complex parameters in experiments. However, extended
computation times make it difficult for personal computers to run the conventional Monte
Carlo method to simulate radiological images with high-flux photons such as images
produced by computed tomography (CT). To minimize the computation time without
degrading imaging quality, we applied a deterministic adaptation to the Monte Carlo
calculation and verified its effectiveness by simulating CT image reconstruction for an
image evaluation phantom (Catphan; Phantom Laboratory, New York NY, USA) and a
human-like voxel phantom (KTMAN-2) (Los Alamos National Laboratory, Los Alamos, NM,
USA). For the deterministic adaptation, the relationship between iteration numbers and
the simulations was estimated and the option to simulate scattered radiation was evalu-
ated. The processing times of simulations using the adaptive method were at least 500
times faster than those using a conventional statistical process. In addition, compared with
the conventional statistical method, the adaptive method provided images that were more
similar to the experimental images, which proved that the adaptive method was highly
effective for a simulation that requires a large number of iterationsdassuming no radia-
tion scattering in the vicinity of detectors minimized artifacts in the reconstructed image.
Copyright © 2015, Published by Elsevier Korea LLC on behalf of Korean Nuclear Society.Lee).
d under the terms of the Creative Commons Attribution Non-Commercial License (http://
ich permits unrestricted non-commercial use, distribution, and reproduction in any me-
cited.
sevier Korea LLC on behalf of Korean Nuclear Society.
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A very important subject in radiology is the increasing patient
dose that has paralleled the development of more advanced
diagnostic techniques. The American Association of Physi-
cists in Medicine reports that imaging modalities used for
radiation treatment planning such as portal imaging,
computed tomography (CT), and fluoroscopy are associated
with a substantial patient dose, and many researchers have
studied ways to reduce the patient dose from these devices
[1e3]. A large number of parameters must be considered in
planning radiation therapy; therefore, designs and pretests
using simulations are desirable. Most computational simula-
tions for radiation doses use the Monte Carlo method [4].
Increasing the number of parameters and the complexity of
the geometries has improved the accuracy of Monte Carlo
simulations, although these steps have also increased the
time needed for the simulation. To obtain realistic simula-
tions in a limited time, advanced technologies require
computational devices with improved hardware and software
and improved calculation methods (e.g., variance reduction
techniques), which can reduce the simulation time without
degrading the accuracy of the simulation itself. Several tech-
nologies have been developed with this goal [5e8].
For a CT scanner, the number of emitted photons from the
x-ray tube is normally 100 to 1,000 times higher than the
number emitted by a plain radiographic device [9]. The
simulation time using a conventional Monte Carlo method
also increases in proportion to the quantity of x-rays, and
thereby limits the application of the Monte Carlo methodwith
a general computational device to simulate CT radiation
exposure [9]. To reduce the computation time for calculations,
a deterministicmethod using analytic formulae that are based
on the attenuation coefficient and geometrical conditions
without photon transport can be applied. The deterministic
method, however, omits photon transport such as the inter-
action between radiation and materials that produce sec-
ondary exposure such as scatter, annihilation, and fluorescent
radiation. This results in a reconstructed image that has
nearly no artifacts or noise, and deviates from an actual CT
image.
In this paper, we applied an adaptive method that com-
bines a conventional Monte Carlo method with a determin-
istic calculation to simulate the CT image reconstruction, and
compared its performance to that of the conventional simu-
lation technology in terms of reconstructed images and
calculation time. We assessed the artifacts in the recon-
structed CT images that were obtained by applying the
adaptive process, and identified a practical solution to mini-
mize them.Fig. 1 e Schematic diagram of the deterministic calculation.2. Materials and methods
In the conventional Monte Carlo method, dose simulation
follows statistical processes such as random sampling of an
initial radiation emission and of every interaction between
radiation and materials [10]. Thus, the Monte Carlo simu-
lation can represent the random properties of radiation
transport in experiments. This method ideally tracks everyphoton emission and interaction during the overall process;
however, most scattered radiation spreads out and cannot
reach the detectors to be recorded. As a result, only a small
number of the generated photons can be accurately used for
dose calculation or image reconstruction. If the size of the
detector or collimator is small, the time required for simu-
lation increases dramatically, especially for radiation
detection using a large number of small detectors in high
radiation flux situations such as CT (~1012 photons per
projection).
With conventionalmethods, it takes a tremendous amount
of time for general computers to calculate the transport and
interactions of high-flux photons in CT; therefore, we applied
an adaptive method using deterministic methods [Eq. (1)] and
statistical methods for simulation. In the adaptation method,
a deterministic calculation is applied to the initial emission
and to each interaction step of the radiation transport, which
reduces the variance of the simulation results, comparedwith
the statistical method run for an equivalent time in an
equivalent calculation time [11]. As Fig. 1 shows, when a
photon is emitted from a source, the probability of it being
incident to a detector without any other interaction is calcu-
lated based on geometry, radiation, and material information
such as the emission direction (Up), solid angle (dUp), distance
(R), the energy of the radiation, and the attenuation coefficient
of the materials. After calculating the directly detected prob-
ability in the detector area (dA), the photon transport is
simulated in a conventional statistical Monte Carlo process. If
a photon interacts with the material in the conventional
simulation, the deterministic method is applied again to
calculate the probability of a photon scattering in the direction
of a detector (based on formulae such as KleineNishina for
Compton scattering or Thomson scattering with a solid angle,
distance, and exponential attenuation in material). The
azimuthal distribution of radiation emitted from a source and
scattered from a material is symmetric. After the probability
of scattering is calculated, photon transport is again calcu-
lated by a conventional statistical process. In summary, a
conventional statistical method is used for photon transport,
but the probability of detection for each emission or scattering
step is calculated by the deterministic method. Therefore,
even if the probability of a photon interacting with a detector
is very low and the conventional method requires a large
amount of simulation time, the probability of detection is
Fig. 2 e Geometry of the simulated computed tomography.
IDD, isocenter-to-detector distance; PMMA, polymethyl
methacrylate; SDD, source-to-detector distance.
Fig. 3 e Slice CTP515 of the Catphan phantom. (Phantom
Laboratory, New York NY, USA.).
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every emitted photon, and the variance of the simulation re-
sults is dramatically decreased.
P ¼ w pðmÞ
2pR2
e

ZR
0
X
t
S

ds
(1)
Eq. (1) shows the detailed explanation for calculating the
probability of detection in a point detector. The differential
interaction coefficient per steradian for scattering at angle 4 is
p(m,4), in which the particle is emitted or scattered toward the
dA in the solid angle dUp [i.e., p(Up) dUp¼ p(m,4) dm d4]. Because
the scattering distribution is azimuthally symmetric, p(m,4) can
be driven as p(m)/2p. The equation includes the inverse square
law (1/R2) and the radiation attenuation between the emitted or
scattered position and the detector, based on the total atten-
uation coefficient (St) and the transport path (s). If an interac-
tion occurs in the vicinity of the detector, the fluxmay increase
to infinity because of 1/R2 in Eq. (1). The detection probability
would become extraordinarily high and result in a singular
point such as a scar in the reconstructed image, especially if
the scattering event happens infrequently. Therefore, if the
probability of interaction with the material surrounding the
detector is small, it is desirable to neglect the scattering events
of photons in the vicinity of the detectors. This adaptive pro-
cess continues until the photon escapes from the region of
interest, is absorbed by thematerial, or reaches a detector. This
method can save a tremendous amount of time because the
probability of an incident photon to every detector unit is
calculated in each step of the simulation by analytic formulae.
We performed all simulations using a computationally
coded CT system and a phantom based on Monte Carlo N-
particle extended codes (MCNPX; Los Alamos National Labo-
ratory, Los Alamos, NM, USA) [12]. The spectrum of x-ray
sources was simulated by the SRS-78 program (Institute of
Physics and Engineering inMedicine, York, UK) and used as the
MCNPX input data [13]. The simulation conditions were the
same as those of an experiment with standard equipment
using the evaluation conditions suggested by the ImPACT Scan
Report [14]. The experiment and the simulation used filtered
back projection for image reconstruction. We used a conven-
tional CT system (Philips Brilliance CT Big Bore, Philips,
Amsterdam, Netherlands) and a standard phantom (Catphan
500; Phantom Laboratory, New York NY, USA) [15]. To evaluate
the adaptivemethod in realistic conditions, a human-like voxel
phantom, the Korean Typical Man-2 (KTMAN-2; Hanyang
University, Seoul, Korea) phantom, was used [16]. Fig. 2 shows
the geometry of the simulated CT with factors such as the
source-to-detector distance (SDD), the isocenter-to-detector
distance (IDD), and the size of the couch. The source and de-
tector of the CT were rotated 360 in 1 increments.
Specialized output options of MCNPX were used to obtain
and compare the results of the conventional and adaptive
methods. For the conventional method, the pulse height
measurement was applied by using the F8 tally with lattice
structure. For the adaptive method, the flux image radiograph
(FIR) mode of the F5 tally was used with and without the in-
clusion of scattering events in the vicinity of the detector. The
F8 tally with a lattice structure generates every detector unit
and tracks every photon transport, whereas the FIR modeconstructs the logical detector array automatically with just a
few commands, and combines the deterministic and statisti-
cal methods. This saves simulation time, as explained previ-
ously. The FIR mode is appropriate to CT imaging applications
because it simulates a large number of detectors with signif-
icantly high flux from a CT tube. This mode also provides the
NOTRN (no transport) card, which ignores all scattering in-
teractions in the FIR mode. Therefore, the image on the de-
tector array can be acquired, even if the number of particles
(NPS) that is actually transported is zero. If the NOTRN card is
off, the FIR mode includes scatter events as statistical tallies,
except its process is based on the adaptivemethod. This study
compared the reconstructed CT images that were based on
simulations of the conventional and adaptive methods. The
effect of scattering events was also estimated to run realistic
Fig. 4 e The reconstructed images of the CTP515 slice using conventional simulation methods. (A) The reconstructed image
with the statistical method. (B) The reconstructed image with the deterministic method.
Fig. 5 e Reconstructed images of the CTP515 slice, based on the adaptive method, which includes scattering events for
different photon numbers. (A) The image at number of particles (NPS) 10. (B) The image at NPS 100. (C) The image at NPS
10,000. (D) The image at NPS 100,000.
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Fig. 6 e Reconstructed images of the KTMAN-2 (Hanyang University, Seoul, Korea) phantom, based on the adaptive method
for different photon numbers. (A) The image at number of particles (NPS) 1. (B) The image at NPS 1,000.
Fig. 7 e Reconstructed images of CTP515, based on the adaptive method, which includes scattering, except in the vicinity of
detectors for different photon numbers. (A) The image at number of particles (NPS) 10. (B) The image at NPS 100. (C) The
image at NPS 10,000. (D) The image at NPS 100,000.
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Table 1 e The relative standard deviation values at the center of the reconstructed images, based on the experimental,
conventional statistic, and deterministic methods.
Real CT Statistical method (F8) Deterministic method (FIR)
Standard deviation 0.0614 0.4210 0.0011
CT, computed tomography, FIR, flux image radiograph.
Table 2 e The relative standard deviations at the center of the reconstructed images, based on the adaptive method.
Number of photons 10 100 1,000 10,000 100,000
All scatter 0.0154 0.0129 0.0098 0.0094 0.0096
Scatter, excluding the vicinity of the detectors 0.0132 0.0125 0.0111 0.0103 0.0098
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images.3. Results
We used the CTP515 section of the Catphan phantom to
evaluate the reconstructed images in the simulation. Fig. 3
shows the CTP515 section and reconstructed images using a
real CT.
Figs. 4A and 4B show the reconstructed images using the
conventional statistical Monte Carlo method and using the
conventional deterministic method ignoring any scattering
events, respectively. A 2.8 GHz personal computer took 30
days to perform the reconstruction, even though the recon-
structed image based on the conventional statistical method
still had significantly greater noise than the reconstruction
based on our adaptive method. In addition, no contrast circles
were recognizable. When using the conventional determin-
istic method, contrast circles were clearly distinguishable and
there was virtually no noise, although the calculation took
only 4 minutes. Thus, the CT image can be reconstructed by
simulation within a relatively short time. However, the
reconstructed image based on the deterministic method was
overly simplified because it assumed no scattering events.
Hence, the reconstructed image was even clearer than the
image obtained in the experiment.
The MCNP codes have an option to include photon trans-
port with scattering events in the deterministic method,
which represents the adaptive method. If the scattering op-
tion was used and the number of photons was not very small
(i.e., more than 1,000 NPS), the reconstructed images were
similar to the images obtained experimentally (Fig. 5). As the
photon number increased, the artifacts caused by applying
the deterministic method were minimized while conserving
blurring due to the scattering events. The importance of the
number of photons was also demonstrated in theTable 3 e The simulation times for various simulation conditi
Number of photons per projection
Conventional method (min)
Adaptive method (min) No scattering
All scatter
Scatter, excluding the vicinity of the detectoreconstructed images of the KTMAN-2 phantom (Fig. 6). The
artifacts were more significant at a low number of photons,
which prevented the analysis of the reconstructed image,
whereas phantom structures such as lungs, soft tissues, and
bones showed more solid structures at higher NPS.
Figs. 7AeD show the FIR images, which were based on the
adaptive method, and excluded scattering events in the vi-
cinity of the detector. In Fig. 5, artifacts decreased as the NPS
increased, and scars in the reconstructed images were elimi-
nated. These results confirmed that the scars in the recon-
structed images were caused by the sparse scattering events
in the air near the detectors.
Table 1 shows the relative standard deviation (RSD) at the
center position in the reconstructed Catphan phantom.
Compared with the RSDs of the reconstructed images, the
conventional deterministic method was excessively idealized
(Fig. 4B), whereas the purely statistical method showed more
noise than the real CT image, even at a very high NPS (2  107).
However, the RSDs based on the adaptive method, which
combines the deterministic and statistical methods, were
closest to those based on experiments, as Table 2 shows. The
RSD based on the adaptive method decreased as the NPS
increased, regardless of whether scattering events in the vi-
cinity of detectors were included, because the artifacts caused
by statistical uncertaintywereminimized at a highNPS. Table 3
shows the simulation times for various conditions. The adap-
tive methods with NPS 1,000 were 500 times faster than the
conventional method using a purely statistical process, even
though the reconstructed images based on the adaptive
method were more similar to the experimental images.4. Conclusion
An adaptive Monte Carlo method combining conventional
statistical and deterministic methods was applied to CT im-
aging. The conventional statistical method required anons.
0 10 102 103 104 105 2  107
e e e e e e 43,200
4 e e e e e e
e 4 13 88 860 8,878 e
rs e 4 13 78 738 8,818 e
Nu c l E n g T e c h n o l 4 7 ( 2 0 1 5 ) 4 7 2e4 7 8478excessively long time for the simulation to obtain a solid
image, whereas the conventional deterministic method was
too simplified to simulate an experiment because it neglected
scattering events. With regard to qualitative evaluation, the
adaptive method performed better than the conventional
methods for CT simulation and required significantly less
time to run a simulation, compared with the conventional
statistical method. In summary, the adaptive method is a fast
and reliable application for theMonte Carlo simulation using a
large number of photons such as those produced by CT.Conflicts of interest
No conflict of interest.
Acknowledgements
This work was supported by a National Research Foundation
of Korea (NRF) (2011-0031464 and 2012-0006399) grant and
BK21PLUS funded by the Ministry of Science and Education
(MEST) of the Korean government (grant numbers, 2011-
0031464, 2012-0006399).r e f e r e n c e s
[1] American Association of Physicists in Medicine (AAPM),
Medical physics: the management of imaging dose during
image-guided radiotherapy: report Task Group 75, AAPM
Task Group 75, Med. Phys. 34 (2007) 4041.
[2] L.K. Wagner, P.J. Eifel, R.A. Geise, Potential biological effects
following high X-ray dose interventional procedures, J. Vasc.
Interv. Radiol. 5 (1994) 71e81.
[3] E.J. Hall, C.S. Wuu, Radiation-induced second cancers: the
impact of 3D-CRT and IMRT, Int. J. Radiat. Oncol. Biol. Phys.
56 (2003) 83e88.
[4] A.D. Lazarine, Medical Physics Calculations with MCNP:™ a
Primer, Master of Science Thesis, Texas A&M University,
College Station, TX, 2006.
[5] C.R. Harrell, I.G. Zubal, Effect of Variance Reduction
Techniques on Monte Carlo Simulated Energy Spectra.
Bioengineering Conference, Proceedings of the 1991 IEEE
Seventeenth Annual Northeast (Hartford, Connecticut), IEEE,
New York, NY, 1991, pp. 97e98.[6] D. Sarrut, L.L. Gulgues, Region-oriented CT image
representation for reducing computing time of Monte Carlo
simulations, Med. Phys. 35 (2008) 1452e1463.
[7] D.E. Peplow, K. Verghese, Digital mammography image
simulation using Monte Carlo, Med. Phys. 27 (2000) 568e579.
[8] J. Allison, K. Amako, J. Apostolakis, H. Araujo, P. Arce Dubois,
M. Asai, G. Barrand, R. Capra, S. Chauvie, R. Chytracek,
G.A.P. Cirrone, G.D. Cooperman, G. Cosmo, G. Cuttone,
G.G. Daquino, M. Donszelmann, M. Dressel, G. Folger,
F. Foppiano, J. Generowicz, V. Grichine, S. Guatelli,
P. Gumplinger, A. Heikkinen, I. Hrivnacova, A. Howard,
S. Incerti, V. Ivanchenko, T. Johnson, F. Jones, T. Koi,
R. Kokoulin, M. Kossov, H. Kurashige, V. Lara, S. Larsson,
F. Lei, O. Link, F. Longo, M. Maire, A. Mantero, B. Mascialino,
I. McLaren, P. Mendez Lorenzo, K. Minamimoto,
K. Murakami, P. Nieminen, L. Pandola, S. Parlati, L. Peralta,
J. Perl, A. Pfeiffer, M.G. Pia, A. Ribon, P. Rodrigues, G. Russo,
S. Sadilov, G. Santin, T. Sasaki, D. Smith, N. Starkov,
S. Tanaka, E. Tcherniaev, B. Tome, A. Trindade, P. Truscott,
L. Urban, M. Verderi, A. Walkden, J.P. Wellisch, D.C. Williams,
D. Wright, H. Yoshida, Geant4 developments and
applications, IEEE Trans. Nucl. Sci. 53 (2006) 270e278.
[9] A.M. Wysocka-Rabin, S. Qamhiyeh, O. J€akel, Simulation of
computed tomography (CT) images using a Monte Carlo
approach, Nukleonika 56 (2011) 299e304.
[10] J.K. Shultis, R.E. Faw, Radiation Shielding, Chapter 11,
American Nuclear Society, Inc., La Grange Park, IL, 2000, pp.
415e420.
[11] J.K. Shultis, R.E. Faw, Radiation Shielding, Chapter 11,
American Nuclear Society, Inc., La Grange Park, IL, 2000, pp.
420e426.
[12] X-5 Monte Carlo Team, MCNPeA General Monte Carlo N-
particle Transport Code, Version 5, Los Alamos National
Laboratory, Los Alamos, NM, 2003.
[13] K. Cranley, B.J. Gilmore, G.W.A. Fogarty, L. Deponds,
Catalogue of Diagnostic X-ray Spectra and Other Data (IPEM
Report 78), Institute of Physics and Engineering in Medicine,
York, UK, 1997.
[14] N. Keat, D. Platten, M. Lewis, S. Edyvean, ImPACT Scan
Report 05071: Siemens Somatom Sensation Open CT Scanner
Technical Evaluation. Imaging Performance Assessment of
CT Scanners, Center for Evidence-based Purchasing, London,
England, 2005.
[15] Phantom Laboratory Inc, Catphan® 500 and 600 Manual,
Phantom Laboratory, Inc., New York, NY, 2010.
[16] C. Lee, C. Lee, S.H. Park, J.K. Lee, Development of the two
Korean adult tomographic computational phantoms for
organ dosimetry, Med. Phys. 33 (2006) 380e390.
